To evaluate the potential economic benefits of a program for a second routine dose of combined measles, mumps and rubella (MMR) vaccine, administered to children in Canada. DESIGN: Both published and unpublished data from the United States and Canada were incorporated into a linear model. This information was supplemented with opinions on probability and resource use from interviews with a Canadian panel of physicians and practitioners. The province of Quebec was used as a model for resource use and costs. MATERIAL AND METHODS: Data were based on a vaccination program for Canadian children at 18 months, with an estimated annual birth cohort of 400,000. Further data were also collected for the lifetime costs of complications arising from these diseases or from vaccination, for both patients and family caregivers. OUTCOME MEASURES: Outcomes were reviewed from the perspectives of a provincial ministry of health (direct medical costs) and of society (all direct and indirect medical and nonmedical costs). RESULTS: It was estimated that a second dose of MMR vaccine administered at 18 months of age would prevent 9200 cases of measles, 6120 cases of mumps and 1960 cases of rubella, producing a savings of $6.34 for every dollar spent from the ministry of health perspective, and $3.25 from the societal perspective. CONCLUSIONS: A routine second dose immunization with MMR vaccine would result in considerable cost savings in Canada.
M easles, mumps and rubella (MMR) vaccine (Measles, Mumps & Rubella Virus Vaccine Live Attentuated, Merck Sharp and Dome) is used in Canada for routine single dose immunization against measles (rubeola), mumps and rubella (German measles). The vaccine has made an undisputed contribution to the reduction of the morbidity, mortality and burden of illness associated with these conditions (1) . The ensuing economic savings have been consistently demonstrated (2, 3) .
Widespread use of the vaccine has decreased the incidence of MMR by at least 90% (4) . However, despite high coverage rates in Canada, certain individuals remain susceptible to the diseases. Susceptibility remains high for three reasons: in some cases the first dose does not take effect; some children experience a waning immunity to the diseases; and a small percentage of children (3% to 5%) do not receive the initial vaccination. Carried out at various intervals, serosurveys of children who had received a routine first dose of MMR vaccine following their first birthday have shown that 2% to 12% of those tested lacked antibodies to measles. In addition, 3% to 19% of the children lacked antibodies to mumps and 1% to 6% were lacking antibodies to rubella (5) . However, an American study has shown that most children who test negative for measles antibody after a first vaccination respond to a revaccination and retain protective antibody levels (6) .
Measles is the most contagious of these three vaccinepreventable diseases; experience from the past decade indicates that outbreaks can still occur in populations with virtually 100% vaccination coverage (5) . From 1989 to 1991 there was a major resurgence of measles in the United States (7) . Mumps and rubella are relatively mild, self-limited diseases, but they also increased in incidence in the late 1980s (8) .
In 1989, a province-wide outbreak of measles in Quebec resulted in the deaths of several children, put another 656 in hospital and left close to 10,000 others infected with the virus (9) . At the same time (1988 to 1989) in the area of Rivière du Loup, Québec, an outbreak of 440 cases of mumps was reported (10) . A Quebec study also revealed that congenital rubella syndrome continues to be a problem (personal communication).
Overall, Canada experienced a 2.5-fold increase in measles in 1994 and an additional sharp increase in 1995. The total number of cases in 1995 (2100 up to October 31) was about 10 times the total in the United States for the same period. Sufficient numbers of unprotected children exist in every province to support predictions of outbreaks in Canada in excess of 20,000 cases (5).
Several countries have implemented a policy of administering a second dose of MMR vaccine to prevent such resurgence. Since 1982, after receiving a first vaccination with MMR vaccine between the ages of 14 and 18 months, all children in Finland receive a second injection at six years of age. The result has been the successful elimination of indigenous MMR in that country (11) . The United States, New Zealand and the Netherlands also use a two-dose MMR strategy (12) .
At present, children in Canada are given one routine dose of MMR vaccine at 12 months; however, some provinces and territories have now begun programs for a routine second dose at either 18 months or between four and six years of age. The National Advisory Committee on Immunization (NACI) recently recommended that a second dose of MMR vaccine be routinely offered in Canada to increase protection (5) . While the cost of monovalent measles vaccine is less, MMR vaccine is preferred because a proportion of children will also derive protection against rubella and mumps. The NACI foresees meeting three goals with this strategy: the elimination of measles in Canada by the year 2005; minimization of the serious sequelae of mumps; and elimination of indigenous rubella infection during pregnancy by the year 2000 (13). It would be most practical to link the second dose of MMR vaccine with other routine vaccinations (eg, those next scheduled at 18 months, or school-entry vaccinations between ages four and six). The provinces of Quebec, Newfoundland and British Columbia, and the Yukon and the Northwest Territories are implementing second dose programs for 18-month-old children. At the time of submission, Nova Scotia, Ontario, Prince Edward Island, Manitoba and Alberta had also begun routine second MMR vaccination for preschool children (14) (15) (16) (17) .
Data on the economic consequences of MMR in Canada and the potential economic advantages of a second dose of MMR vaccine have not been explored. Therefore, the objectives of this study were to outline the cost of MMR in Canada and to evaluate the economic efficiency of a routine second dose of MMR vaccine, administered at 18 months of age. Analyses were performed from the perspective of a provincial ministry of health (MOH); all costs experienced outside the MOH, as well as those within, were also evaluated (society perspective).
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MATERIALS AND METHODS

Design:
In this cost of consequences study, the consequences of a second dose of MMR vaccine were estimated in terms of the number of cases of MMR and their complications avoided by use of the vaccine. The costs saved by averting these diseases were calculated and compared with the cost of implementing the second dose program. The relationship was expressed as an incremental ratio, and a benefit-cost ratio was determined. Prevalence, incidence and outbreak-control risk were defined as the epidemiological variables; published and unpublished American and Canadian data were used to identify and quantify these parameters. In the absence of relevant data, information was adopted from the Centre de Santé Publique de la Region de Québec (CSPRQ) location, a provincial public health agency.
Study end-points:
The primary clinical end-point of the study was the total number of cases that would be avoided (including complications) by a second dose of MMR vaccine at 18 months of age. The economic end-points evaluated were the direct costs for in-patient care (length of stay in hospital or institutionalization), out-patient care (consultations, laboratory and diagnostic tests, procedures, and drugs) and the costs of controlling a disease outbreak. The indirect cost of days missed from work by the patients and their caregivers over the patient's lifetime and extra nonmedical costs for special schools or institutionalization (due to years of work lost by the patient) were also evaluated as a secondary end-point. Items included for each perspective (MOH or society) are shown in Table 1 .
Model design: It is not logistically possible to follow large cohorts of children in Canada for a long period of time. This factor and a lack of published data led to the development of a linear decision-tree model that simulated a long term follow-up of large cohorts for the entire population of newborn children in Canada. Clinical data were used to establish the benefits of a second injection, and economic data were used to assess utilization of health care resources and associated costs.
The model projected outcomes of a routine second dose of MMR vaccine administered at 18 months of age over a followup period of 20 years. The number of births in Canada has been estimated at 400,000 per year and was presumed to be constant over time (ie, a steadystate model) (18) . It was also assumed that children would be vaccinated at both 12 and 18 months of age. From the initial point (birth), there were two treatment arms, one representing a routine first dose only and the other a routine first and second dose of MMR vaccine. contracting each disease and of complications resulting from the diseases (with either one or two doses of the vaccine), complications arising from the vaccine itself and probabilities for potential outbreaks for each disease were established from published and unpublished data and with information obtained from the CSPRQ (19) . These probabilities and their sources are presented in Table 2 .
Complications arising from measles included respiratory tract infections, otitis and encephalitis; complications arising from mumps included meningitis, encephalitis, orchitis and hearing impairment; and complications arising from rubella included congenital rubella syndrome (CRS), arthritis and thrombocytopenia.
Short term consequences were identified as acute events directly related to the ongoing infection (with or without complications), as well as acute events related to the vaccine itself. Sequelae and complications from the infection were identified as long term consequences for all segments of the population susceptible to the disease (ie, children, adults and women of childbearing age). Resource utilization: Information on resource use associated with the diseases and for outbreak control came from two sources. In fall 1995, a panel of 16 physicians and health practitioners in Quebec were interviewed to collect their views on treatment protocols for each disease, the diseases' associated complications and for complications arising from the vaccine itself. This panel included physicians (general practitioners, pediatricians and obstetricians), nurses and other health care professionals. Data on control of outbreaks in Quebec were collected via interviews with two Quebec public health professionals.
Outbreak control was defined as a small-scale vaccination program limited to the number of cases in a small area or closed population. For example, if five children at the same school were to contract one of the diseases, all the other children at the school would be vaccinated with another dose of MMR vaccine. Resources considered focused on the organization and implementation of control measures for a typical outbreak of a limited number of cases in an urban school with 2000 children. Cost structure: Costs were determined for the province of Quebec and extrapolated to the rest of Canada. Per diem rates were used for hospitalization and institutionalization (long term care facilities and special schools). The cost of physician fees and out-patient investigations and procedures were evaluated using the tariffs outlined by the Régie de l'assurance-maladie. Allied health consultations were assessed using an average hourly rate (salary and benefits). Medication (including dispensing fees) and medical equipment costs were determined from market prices. The cost of days missed from work was estimated using the average daily income in Canada (24) .
Costs of the disease, complications related to the disease, complications from the vaccine, and outbreak control were incorporated in the model. Both first-year costs and follow-up costs were distinguished for each disease and its associated complications. Lifetime costs were evaluated for a 40-year period and included the first-year cost and 39 years of follow-up costs. First-year costs included diagnosis and acute care; follow-up cost involved maintenance treatment of a chronic condition. The administrative cost for the vaccine program was not included because it was assumed that the vaccine would be administered during a regular consultation at 18 months of age.
A break-even analysis was performed to discover when a MOH would recover its costs for implementing a routine second dose MMR vaccination program. (25) , costs were discounted at a rate of 5% to calculate benefit-cost ratios as well as the total cost per case avoided. To confirm the accuracy of initial estimates, the discount rate was then varied from zero (undiscounted) to 7%. The sensitivity analysis was performed to confirm the consistency of the findings over an appropriate range. To test the sensitivity of the model to the probability of a complication, probabilities of the most expensive complications for each disease were varied by plus or minus 20%.
Sensitivity analyses: As recommended in the Canadian
Guidelines for Economic Evaluations of Pharmaceuticals
RESULTS
For the predicted birth cohort of 400,000 assessed over the 20-year period of the model, it was estimated that a routine second dose of MMR vaccine would prevent 9200 cases of Table 3 ). The second dose of MMR vaccine would also reduce the predicted number of complicated cases of each disease ( Table 3 ). The cost of treating cases of the three diseases without complications is relatively small (Table 4) . From the MOH perspective the per patient costs for uncomplicated measles ($24), mumps ($28) or rubella ($28) reflect a single physician visit. The higher cost in the society perspective is due to the inclusion of indirect costs from work days lost by a caregiver. However, these illnesses can become expensive when problems occur (Table 4) , the most costly complications being associated with measles encephalitis. The values shown reflect the overall lifetime cost of the complications which, from the societal perspective, include direct medical, direct nonmedical and indirect costs. However, these separate cost components had different impacts on the overall cost of each complication. To identify the role of each component, the cost of the three most expensive complications was broken down into direct medical, direct nonmedical and indirect costs, and the sources of each cost were identified (Table 5 ). In the case of direct costs, this breakdown reflected the way in which a patient with a particular complication was treated.
By far the largest direct medical cost was associated with the lifetime treatment of mumps or rubella deafness, which was 25-fold higher than the direct medical cost resulting from CRS mental retardation. The major cost drivers in the long term care of deaf patients are investigations and medical equipment. Mumps or rubella deafness also had the largest indirect cost impact, an impact that was 123-fold and fourfold higher than those associated with encephalitis and CRS mental retardation, respectively (Table 5) . However, because measles-related encephalitis and rubella-related CRS mental retardation are associated with extensive institutionalization and, in the latter case, rehabilitation, the direct nonmedical costs for these diseases were substantial, and this component was a major determining factor in their overall lifetime costs. For example, the direct nonmedical cost of institutionalization relating to measles encephalitis contributed 99.4% of the overall lifetime cost of the disease.
Benefit-cost ratios for the program to revaccinate all Canadian children routinely at age 18 months are presented in Ta 
Complication due to rubella. CRS Congential rubella syndrome
MMR vaccine resulted in $6.34 saved because significant numbers of cases of these illnesses were averted. Break-even analysis, performed to discover when a MOH would recover its costs for implementing a routine second dose MMR vaccination program, demonstrated that for the large population considered (400,000 children per year) at any given point benefits would outweigh costs, resulting in an immediate cost recovery.
Similarly, results under the society perspective indicated that $3.25 in illness-related costs would be avoided for each dollar invested. The unexpected difference between the benefit-cost ratios for the two perspectives was attributed to additional indirect costs in the societal perspective. For instance, parents must take time off work to care for a child who has a reaction to the vaccine (eg, anaphylaxis or fever). While this loss of income is an additional cost to society, it was not accounted for under the MOH perspective.
To test the robustness of the data, two types of sensitivity analysis were carried out. For the primary analysis the benefit-cost ratio was determined using a discount rate of 5% per year. When the discount rate was varied from zero to 7%, the benefit-cost ratios from both perspectives decreased (Table 6), demonstrating that the ratios were sensitive to the discount rate used in the calculations. Because the overall cost of each disease may be highly dependent on the probability of complications, the probabilities of the most expensive complications for each disease were varied in a second sensitivity analysis (Table 7) . This variation produced no major changes in the benefit-cost ratios from either perspective, suggesting that the ratios were relatively insensitive to large changes in the probability of major complications. The largest change occurred when the probability of measles encephalitis was varied by plus or minus 20%. Under these circumstances the corresponding benefit-cost ratios varied by 11% and 9% from the MOH and societal perspectives, respectively.
DISCUSSION
Despite high vaccination rates in Canada, certain individuals remain susceptible to MMR because of primary or secondary vaccine failure and because vaccination coverage has not reached 100% of the preschool population. Mathematical models predict that nationwide outbreaks of measles in excess of 20,000 cases are possible in the near future (5) . Outbreaks of mumps and rubella are also a possibility in highly vaccinated populations (10, 26, 27) . For example, Cheek et al (28) , studying a mumps outbreak in highly vaccinated schoolchildren, concluded that vaccination failure plays a significant role in contemporary mumps outbreaks. From a clinical perspective, most children have been shown to retain protective antibodies when vaccinated with a second dose of MMR vaccine. From an economic perspective, a routine second dose of MMR vaccine is a medical intervention that actually produces cost savings.
From both the MOH and society perspectives, the potential savings are enormous if outbreaks can be averted. The routine second dose strategy provides clear savings to the Canadian health care system. For each dollar spent on this medical intervention, projected savings were $6.34 because these diseases and their complications will not occur. Break-even analysis was performed to discover when a MOH would recover its costs for implementing a routine second dose program. Results showed that there was an immediate cost recovery when a large cohort of 400,000 children per year was vaccinated.
Apart from the economic benefits of a second dose of MMR vaccine, children and their families benefit because they do not experience the suffering and discomfort of the diseases and their associated complications. These intangible costs were not assessed in the present study, which was restricted to the measurement of tangible costs, but clearly they may have a substantial impact on the overall societal burden of the three diseases.
The absence of primary clinical and economic data presented potential limitations for this study. Epidemiological data were gathered from published and unpublished sources in the United States and Canada, and these data were the source of the probabilities of complications arising from each disease. Because expensive complications may have a significant impact on the overall cost of each disease, the probabilities governing the occurrence of these complications were varied in a sensitivity analysis. The benefit-cost ratios determined were relatively insensitive to a 20% variation in the probability of an expensive complication occurring, suggesting that the calculated ratios were robust and not highly dependent on the cost of rare, but expensive, complications. This observation also indicated that the ratios determined were not dependent on a single expensive complication but rather reflected the overall economic impact of all three diseases. Resource utilization estimates were based on information from the literature and on interviews with experts. In general, physicians and health practitioners tend to underestimate resource consumption; as a result, the real costs and benefitcost ratios were perhaps underestimated. However, in the interest of maintaining a conservative focus, this was considered acceptable. As well, the number of health care professionals interviewed was relatively small (16) ; thus the sample may not have been completely representative. Nonetheless, by contacting people from different disciplines and from community health centres, any imbalance that may have resulted from differences in patterns of practice should have been corrected for.
It was not possible to capture the cost of abortions for women who contracted rubella during their pregnancy in these calculations; probabilities for the number of women who became pregnant and the number of abortions attributed to congenital rubella syndrome did not exist. As a result, resource utilization again may have been underestimated, and the benefits of the second dose program might be greater than the results of this study demonstrate.
Two further factors may have contributed some distortion to the study. First, costs were estimated for Quebec and then extrapolated to Canada as a whole; and second, the model only covers a 20-year period.
Results of this evaluation of MMR vaccine were compared with previously published economic evaluations of different vaccines. White et al (3) compared the benefits (ie, clinical outcomes) for children who received one injection of MMR vaccine with the benefits for those who received no vaccination at all. The higher benefit-cost ratio for the society perspective reported by White et al (14.4) compared with this study (3.25) was attributed to the fact that the vaccine was being administered to children for the first time. A benefit-cost analysis performed in 1985 suggested that a varicella vaccine that provided lifelong immunity would save $7 in costs to society for every dollar invested in vaccination (29) . In another study, the benefits of receiving one injection of a mumps vaccine versus receiving no vaccine at all were compared, and a cost:benefit ratio of 7.4 was reported (2). Schoenbaum et al (30) calculated a benefit-cost ratio associated with receiving two injections of a vaccination against rubella of 23. While the results of these studies are not directly comparable, the benefit-cost ratios generated by the model in the current study may be considered at least as positive as others reported above.
CONCLUSIONS
The model developed in this study was used to project the costs associated with a routine second dose of MMR vaccine, administered at approximately 18 months of age. The model predicted benefit-cost ratios that are comparable with other published studies. In this study, routine second dose immunization with MMR vaccine provided significant cost savings compared with a single injection at 12 months of age.
The results of this study also indicated that the routine second dose immunization with MMR vaccine would prevent thousands of cases of MMR. As a direct consequence, associated complications and their costs would also be avoided. Both ministries of health and society can anticipate important monetary savings, and much needless suffering can be prevented. Results of this study are in line with the recent recommendations of the National Advisory Council on Immunization that a second dose of MMR vaccine be offered routinely, at least one month after the first dose, to raise protection rates against MMR (5).
